Physical characteristics critical to chromatography including geometric porosity and tortuosity within the packed column were analysed based upon three dimensional reconstructions of bed structure in-situ.
Introduction
Physical characterisation of packed bed chromatography has enabled a greater understanding of behaviour and performance [1] [2] [3] . Such understanding is of particular importance to the purification of bio-therapeutics whereby reproducibility in chromatographic separation is a prerequisite for manufacture. This has resulted in the continued improvement of systems to account for processing factors such as column compression at high flow rates [4, 5] and column fouling [6] in order to better understand their impact on performance [7, 8] .
Packed bed chromatography consists of a cylindrical column containing many porous, micro-spherical beads [9] used as the basis for separation [10] . The packed bed column volume for bioprocessing applications range from sub-millilitre for process development activities up to several metres cubed for commercial manufacture [11] , which presents numerous issues for scaling up chromatography systems. Materials typically utilised for column packing include agarose, cellulose, synthetic polymers or ceramics to which desirable ligands can be attached for separation purposes [12] .
At the packed bed scale, various physical characteristics of chromatography systems dictate performance [13] where the three dimensional geometry of a packed bed configuration acts as a basis for plug flow of the mobile phase through a column. Factors such as pore geometry [13] [14] [15] , tortuosity [15] and available surface area [16] are relevant to chromatographic behaviour [17, 18] . Three dimensional physical characterisation using microtomy based reconstruction [19, 20] has been used to model flow paths through the structure of monoliths, an alternative solid phase material [20] to conventional chromatography, enabling comparison between different types of monoliths.
For packed beds, current studies rely on theoretical modelling [21] or ultra-scale down [1] methods as a basis to understand scale-up behaviour [21] ; however there is a lack of detailed measurements examining packed bed geometry based on columns at scales greater than microfluidic representations [1] or software based simulated packed beds.
In this study we use X-ray computed tomography (CT) [22] to produce three dimensional representations of packed bed geom- etry for subsequent analysis and characterisation. In an X-ray CT system, X-rays are generated from a metallic source, where the incident X-rays are transmitted through the sample generating a radiograph [22] . The sample is rotated relative to the source and detector in order to collect a series of radiographs at discrete angular increments. The set of obtained radiographs can then be reconstructed into a three dimensional representation of the sample volume using back-projection mathematics [23] . Since X-ray CT systems vary in design, two different machines are used in this study as a basis for comparison, with schematics displayed in Fig. 1 . Industrial X-ray computed tomography in this case can be considered as analogous to medical X-ray imaging 3D tomography, where X-rays are used to produce a representation of a living person to aid with diagnosis [24] .
The advantages of X-ray CT include non-destructive and noninvasive imaging of a wide range of materials, as well as the potential for imaging samples of a greater volume compared to current microfluidic representations that have been presented in literature based upon confocal imaging [13] . However, there are often trade-offs required for X-ray computed tomography imaging, including sample volume versus resolution obtainable [23, 24] .
X-ray CT has previously been demonstrated to be an effective technique for imaging and subsequent structural based analysis of microscale-porous structures [25] [26] [27] , however it has not, to the author's knowledge, been applied to study chromatography based materials. Anticipated challenges for its use in this application include achieving sufficient resolution and contrast between bead material and void space filled by buffer [28] . The bead and buffer phase segmentation and artefact removal are critical for image processing in order to generate representative packed bed structures. This requires optimisation of the imaging conditions which is strongly affected by the material properties [26] .
Reconstruction of three dimensional data sets has enabled tomography investigations to compute key metrics for porous samples such as available surface area, tortuosity and flow profiles which would be relevant to packed bed studies [29] . Whilst several aspects such as inter-particle porosity can be determined experimentally for chromatography columns using approaches such as a pulse test, these are summative measures of column Fig. 1 . X-ray computed tomography schematic diagram representing configuration for imaging chromatography columns. X-rays generated from a chosen metal source interact with the chromatography column sample and are subsequently detected. Several projections are taken of the sample which is rotated with the resulting data reconstructed into a three dimensional representation. Note that X-ray computed tomography systems vary in design as can be observed between the Nikon XT H225 ST and Zeiss Xradia Versa 520 schematics, with similar equipment on the Zeiss not named if present on the Nikon to highlight differences. behaviour and therefore unable to identify heterogeneity within a packed bed [30, 31] . Software based simulations [32] have been a means to study other important parameters such as tortuosity and path geometries, with confocal laser scanning microscopy used in combination with modelling to determine lysozyme uptake rates [1, 13] . Software representations also provide an applicable input for several studies concerning modelling chromatography processes, which are currently based on theoretical representations when examining important phenomena such as wall effects [33] .
In this study, CM Ceramic HyperD F and MEP HyperCel 1 mL prepacked columns were examined, with packed bed axial and radial heterogeneity investigated. These columns are based on different packing materials; ceramic and cellulose, having respective average bead diameters of approximately 50 m and 80 m providing a basis of comparison to understand the applicability of the method between packing materials [13] . The cellulosic beads used were a softer chromatographic sorbent material in comparison to a hybrid consisting of a soft hydrogel polymerised onto a rigid, non-swelling ceramic structure [34] .
Materials and methods

Chromatography columns
All chromatography materials were provided by Pall Life Sciences (Portsmouth, United Kingdom) in the form of CM Ceramic HyperD F and MEP or S HyperCel 1 mL PRC pre-packed columns with polypropylene casing material. The storage buffer within the column was 20% ethanol in each case and was not exchanged in order to avoid any potential changes to the packed bed structure.
X-ray computed tomography
The 1 mL columns were held in place by a concentric chuck before insertion into either a Zeiss Xradia Versa 520 (Pleasanton, United States, accessed at Electrochemical Innovation Lab) or a Nikon XT H 225 ST (Tring, United Kingdom, accessed at Electrochemical Innovation Lab) for X-ray computed tomography. In order to produce representative digital volumes, optimisation of each packed column type (ceramic and cellulose) was required for both systems, with the approach taken detailed in Fig. 2 . The same column for the ceramic packed bed system-imaging was used for both Zeiss Xradia Versa 520 and Nikon 225 ST in order to enable quantitative comparison.
For Nikon XT H 225 ST imaging, 1 mL columns were held in place using a concentric chuck before scanning. A magnification of 45X was used in each case for both optimisation and final imaging conditions, with copper, molybdenum, tungsten and silver targets investigated in each case to determine optimal imaging parameters at KeV values between 80 and 225. Exposure times were investigated between 254 ms and 1 s, with results found to be of greater quality at higher exposures. Reconstruction was performed using dedicated Nikon X-Tek software where the centre of rotation and beam hardening were corrected.
Zeiss Xradia Versa 520 imaging was performed using a 0.4X objective lens with a tungsten X-ray source. KeV values investigated for each sample were between 60 and 140 in each case at an exposure time of 30 s. Reconstruction was performed using Zeiss XM Reconstructor software to produce TXM files that were corrected for beam hardening and centre of rotation. For both systems, the volume imaged in each case was 5 mm diameter by 1 mm height due to field of view restrictions when obtaining the optimal voxel size achievable.
Final imaging conditions for both systems were performed obtaining in excess of 2,000 projections for each scan, with power Optimisation scheme for imaging of packed columns using a Nikon XT H 225 ST. Major variables included X-ray target and accelerating voltage, which was investigated in steps of 10 kV until an area of interest was found, with subsequent 5 kV steps investigated and results compared between target types to determine imaging conditions to be used for tomography analysis data sets. Ceramic packed bed imaging using a tungsten target was used as an example in this case.
set to the highest available value in order to maximise available contrast within samples in order to differentiate bead and void phases. After optimised imaging conditions had been determined, both column types were scanned 5 mm from the top of the column, in the middle and 5 mm from the bottom of the column. Voxel size of approximately 3 m dimensions was achieved for both X-ray computed tomography systems for ceramic and cellulose packed beds.
Image processing and analysis of reconstructed samples
Reconstructed data in the form of VGL or TXM volume files were imported into Avizo 9.0 from FEI (Hillsboro, United States, accessed at Electrochemical Innovation Lab) for digital processing to produce accurate representations of packed beds [35] . Although the same image processing steps were taken for each volume, individual tailoring of thresholding values etc. was required for separate ceramic and cellulose packed beds. Data sets were imported and cropped appropriately to isolate the packed bed volume of interest before application of a bandpass and noise removal filters, with a binary module used to define the bead and pore phases [36] . The segmentation of beads from the buffer phase resulted in the removal of any extraneous volume surrounding the packed bed; with the volume then realigned in order for further processing and analysis to occur at the relevant coordinates.
Binarised samples at the column scale were noted to have many instances of bead mergence, therefore bead segregation was performed [37] using the Avizo watershed algorithm in addition to final image processing of data sets. After image processing was complete, individual sub-volumes were produced with dimensions of 500 m diameter and 1 mm height at set co-ordinates for analysis of central and near-edge packed bed volumes for quantitative comparison of geometric porosity, geometric tortuosity, surface area to volume ratio and average void diameters using in-built Avizo analysis modules.
Pulse test
A blue dextran pulse test was performed as a comparative technique for packed bed porosity evaluation. Three 30 L pulse injections of 3 mg mL −1 blue dextran (Sigma Aldrich, USA) of 2000 kDa MW were performed on the relevant CM Ceramic HyperD and an equivalent S HyperCel column using PBS (Sigma Aldrich, USA) buffer at pH 7.4.
Results and discussion
X-ray computed tomography imaging optimisation
Imaging optimisation was required for both CM Ceramic HyperD F and MEP HyperCel columns to generate an accurate representation of the packed bed structure, essential for subsequent processing and quantitative analysis. Fig. 2 displays the optimisation approach taken for X-ray computed tomography imaging of packed beds.
Optimised image acquisition
The optimisation process for obtaining sufficient quality data sets in Fig. 2 resulted in differing imaging conditions for each column type and X-ray computed tomography system, as displayed in Table 1 . This demonstrates the requirement for individual tailoring of the experimental set-up for different samples and systems used. Non-destructive imaging of columns using X-ray CT enabled the same column to be used throughout optimisation and final imaging as well as enabling comparison between Zeiss and Nikon systems when producing reconstructions of the same column sample.
A tungsten target was found to be most effective for imaging the rigid ceramic beads within the packed beds on both systems, whilst for the softer cellulose packed beds tungsten data sets did not image to satisfactory standards in terms of bead definition. Tungsten has a higher X-ray energy emission at 67 keV compared to the other metals targets available and so attenuation interactions with low atomic number materials such as cellulose beads were not distinguishable from void space and background noise in relation to greater X-ray energy levels [38] . Imaging was performed in the 20% ethanol storage buffer as to avoid changes to the packed bed. Any buffer exchange would likely require re-optimisation of the imaging process due to a change to the sample, with swelling unlikely to occur for the rigid ceramic beads. Similarly, re-optimisation would be required if a change in column dimensions or the casing material to commonplace glass or metallic based columns being avoided due to the relatively high degree of opacity to X-rays.
Therefore, a silver target with a lower characteristic X-ray emission peak at 22 keV was found to be the most effective at producing representations of cellulose packed beds on the Nikon XT H 225 ST system after imaging optimisation. Resulting two dimensional slices from the optimised imaging process are displayed in Fig. 3 . 
Table 1
Imaging conditions selected after X-ray CT optimisation. Imaging was not observed to produce accurate representations of the cellulosic packed beds using the Zeiss Xradia Versa 520 so was not included for image processing and quantitative analysis. It can be observed in Fig. 3 the individual beads which comprise the packed bed structure are visible for all samples imaged and represented by 2D slices. Differences between ceramic and cellulose packed bed morphologies can also be observed, whereby the cellulose particles are generally larger and more spherical in morphology compared to the ceramic beads.
For both samples, there were various imaging artefacts present in the obtained volumes. Two common examples of this were an increased brightness around the edges of the sample which were particularly noticeable with the cellulose slice, as well as bright spots and general noise present throughout the slices. Image processing was required in order to rectify the various issues present in the reconstructed packed bed volumes.
Image processing of reconstructed volumes
After image acquisition of packed bed volumes, image processing using Avizo 9.0 was performed in order to correct artefacts present in the reconstructed files to produce more representative volumes. Each data set underwent the same processing steps before analysis, although particular stages including differentiating the void space from the beads into binary phases required different levels of thresholding, depending upon the sample and the X-ray computed tomography system used. Contrast between void and beads was found to be more problematic for cellulose samples compared to ceramic data sets, although both types required noise reduction to remove erroneous pixels within both material and void phases throughout the column.
One major issue encountered was that after generating binary data sets, some beads would be conjoined in clusters. The Avizo watershed algorithm was used in order to segregate beads, for which the majority of each data set was successful, although this approach did not entirely eliminate the issue. However, this was not a commonplace or important issue for subsequent analysis. Fig. 4 displays various outputs generated during image processing for both packed bed materials of construction.
The images in Fig. 4 demonstrate that there are similarities in packed bed structure between ceramic and cellulose packed beds in both 2D and 3D representations. For the 2D slices, changing from bright beads in raw slices, observed in Fig. 3 to binarised black was inconsequential as the desired output was to segment the bead phase from the buffer or void phase.
In addition, three dimensional rendering was used to examine the packing uniformity in terms of void dimensions within each column to enable observations of the overall packing quality to be made from both two and three dimensional representations. In particular, three dimensional rendering enabled key undesirable characteristics such as considerable pore void geometries and locations to be identified within a packed bed, displayed in Fig. 5 . Fig. 5A displays a void-distance map throughout a 2D slice of a ceramic packed bed. Many voids can be observed unevenly distributed both in terms of morphology as well as location within the slice, displaying packing heterogeneity. Whilst incidences of large ceramic -inter-bead voids were not present in the majority of each volume, large voids were more common for cellulose samples. Fig. 5B displays zones where larger voids were identified within a 3D cellulose sub-volume of non-uniform morphology and distribution, with large voids or channels reducing mobile phase interaction with the stationary phase as well as contributing to band broadening [39] , impacting performance. Whilst no long channels through the cellulose sub-volume were observed, which would enable mobile phase to bypass through the packed bed and thus decrease transfer between phases, the overall heterogeneity observed in reconstructed packed bed volumes indicates that different flow profiles would occur depending upon local bead packing geometry, thereby highlighting the ability of tomography approaches to identify potential sample issues.
Tomographic analysis of packed beds
After image processing, packed bed volumes were analysed for geometric porosity, tortuosity, available surface area and average void diameter. These aspects were selected for investigation due to their relation to performance in terms of plug flow and mobile phase paths through a column. The sub-volume generation during image processing was performed to determine whether changes occur radially across a column volume. The available data sets situated at the top, middle and bottom of each column also enabled axial comparison within the packed bed. Fig. 6 displays the measurements for porosity and tortuosity radially for the middle section of the columns.
It was observed that geometric porosity was lower closer towards the column edge. This is demonstrated by a decrease in porosity at the outermost sub-volume, of which 250 m was the centre point, compared to the centre for both ceramic and cellulose volumes that indicated heterogeneous packing density at the wall [3] . Statistical analysis using F and t tests were performed to determine whether the ceramic packed bed results from each tomography system were different at 5% confidence. It was found that the variation between Zeiss Xradia Versa 520 and Nikon XT H 225 ST imaging of the same ceramic packed bed data set were not statistically different, and so could be attributed to random variation of the system. T tests were also used to demonstrate that the values for porosity and tortuosity are different closer towards the edge when compared to the centre of the column, suggesting radial packing heterogeneity [3, 34] . Sub-volume dimensions were selected to separate sections of the packed bed by the radial distance from the column edge. The size of the sub-volumes considered the trade-off between being representative of a smaller isolated volume whilst avoiding significant influence of imaging artefacts that would have a relatively greater impact on smaller volumes. A blue dextran pulse assay was used to determine inter-bead porosity for both ceramic and cellulosic samples to compare tomographic results with an established technique [12, 31] . A porosity of 34.7% and 38.3% was obtained in each case for ceramic and cellulose samples respectively. These results lie within the ranges determined using X-ray CT analysis, suggesting that a tomographic approach is able to representatively determine the inter-bead porosity of the packed beds. However, the blue dextran pulse assay was summative of the entire packed bed rather than considering the sub-volumes imaged using X-ray CT; therefore direct comparisons between results obtained could not be drawn. Table 2 displays further results from quantitative analysis for key physical aspects of the packed beds for both materials at various locations within the columns.
For each characteristic examined, there was a general difference in values obtained between the edge and centre of the volumes analysed, indicating that X-ray CT imaging could identify heterogeneity throughout the packed beds. The difference between results in the top-of-column volumes displayed the greatest changes compared to middle and bottom-of-column results, suggesting axial changes [40] in packed bed structure. These results demonstrate that X-ray CT imaging and sub-volume generation allow a greater understanding of packed bed heterogeneity than traditional measurements of porosity which are summative of the whole column.
Conclusions
X-ray computed tomography has been demonstrated to be an effective method for producing representations of chromatography column inter-bead geometries for two frequently used chromatographic resin materials. Three dimensional reconstructions of packed beds enabled quantitative analysis of porosity and tortuosity changes throughout the column to identify both axial and radial heterogeneity. This was validated by comparison to established techniques for packed bed analysis such as a blue dextran pulse test for inter-bead porosity determination. X-ray computed tomography is a potentially suitable method for quality control in terms of packing quality and casing integrity. This method also provides the possibility for chromatography models to be based upon actual column geometry for studies relating to wall effects and bed compression rather than ultra-scale down systems or theoretical approximations. Comparison between new and used columns would be an area of interest for X-ray CT analysis in order to determine any changes to a packed bed system in relation to performance. However, a major limitation to consider would involve the capability of X-ray CT to identify foreign material within a column, particularly when considering resolution limitations and quality of imaging low density material.
In future studies we plan to extend the use of the technique to measure dynamic flow conditions representative of columns under process conditions in order to analyse packing heterogeneity during column use. Using X-ray CT for the examination of scaled-up, industrially relevant columns would also be desirable compared to the analytical scale packed beds examined here, however issues including compromising voxel size to accommodate a larger field of view in addition to signal loss at the centre of the sample when imaging a larger packed bed are major issues to be overcome before this is feasible.
Further applications of X-ray computed tomography for chromatography system analysis include the use of higher resolution equipment to accurately image the internal structure of individual beads.
